INTRODUCTION
The whole set of the stiffnesses of materials that possess any class of symmetry, and then the higher symmetry coordinate system can be determined from wave speed measurements of obliquely incident ultrasonic bulk waves [1] [2] . An immersion ultrasonic tank associated with a tensile machine allows one to measure the load-induced changes of the stiffness tensor [3] . The damage can be defined as the variation of the elasticity tensor [4] . No preliminary knowledge of the microstructure is required to describe the damage process. Concerning former works on off-axis loading [5] , the choice of a tetragonal material submitted to a tensile solicitation at 45° from fiber directions, was imposed by the limiting hypothesis required by classical ultrasonic techniques that the material keeps its orthorhombic symmetry in an a priori known coordinate system. In this paper, the problem of anisotropy induced by damage, is then treated without the above limiting assumptions. The continuous-fiber-reinforced ceramic-matrix composite used in the present investigation is a woven 2D C-C-SiC supplied by SEP (Societe Europeenne de Propulsion, France). Since the solicitation is an in-plane stress, it is reasonable to suppose that the plane of the cloths preserves its elastic symmetry under loading. So, the load-induced changes of the thirteen stiffnesses, associated with a monoclinic symmetry, are recovered from ultrasonic velocity data.
EXPERIMENTAL PROCEDURE AND MATERIAL
The use of ultrasound to measure the elasticity constants of solids is well established [6] [7] [8] . By inverting the well-known Christoffel equation [91: the elasticity constants (Cijkl), can be determined from a suitable set of phase velocities V pen) of ultrasonic waves, propagating in the medium along various directions n [1, 8] . Here p is the density and Ojk is the Kronecker symbol. Using the abbreviated subscripts notation, the elasticity constants (Cijkl) can be written under a symmetric (6x6) matrix form (Cu).
An immersion ultrasonic tank associated with a tensile machine composes the under load characterization device. It makes it possible to perform, under load, the angular investigation in the planes required to identify the elasticity tensor, Figure 1 . The stresscontrolled monotonic loading is applied along the axis X3, in regular stress intervals of 20 MPa, necessary for the ultrasonic evaluation (immersion and contact), until the samples failed.
Because of the bi-directional structure of the 2D C-C-SiC composite, it possesses three perpendicular planes of symmetry and it satisfies the hypothesis of an orthorhombic symmetry. Moreover, the two fiber directions being mutually orthogonal and symmetrically equivalent, the composite presents a tetragonal symmetry with six independent stiffnesses.
A sample (E(300», in the form of plates measuring 190 mm x 50 mm x 2.4 mm, is used in this study. It is cut out according to a 30° angle from fiber axes. The density is close to 2.06 g/cm 3 . A coordinate system R=(XI, X2, X3) for ultrasonic measurements is chosen in such a way that axis x I corresponds to the normal to the plate. The plane (X2, X3) is the cloths plane.
TENSILE LOADING IN A NON-PRINCIPAL DIRECTION
The effect of an off-axis solicitation is studied using sample E(300), cut out at an angle of 30° from the fiber axes, and tensile loaded in this direction. In the coordinate system associated with the tiber directions, the sample is subjected to a non-balanced complex stress that leads to the microcrack systems with various orientations. But, contrary to a 45° off-axis loading, the fibers which are the closest to the x3-10ading axis preserves the very brittle C-SiC matrix and allows the stress transfer from the matrix to the fibers. The 30° off-axis loading produces microcracks perpendicular to the applied load and so that are tilted relative to the reinforcement. This corresponds to a non-coincidence between the coordinate system associated with the fibers and the stress or damage principal coordinate system, i.e., a damage-induced anisotropy. Since the 30° off-axis loading is an in-plane stress, thirteen stiffnesses describe the E(300) sample elasticity properties under load. It amounts to supposing that the plane of cloths remains a symmetry plane of elasticity. Figure 2 displays the slowness curves in the four data planes (Xl, X2), (Xl, X3), (Xl, 45°) and (Xl, 135°), both experimental and reconstructed from the calculated stiffnesses, plotted as a function of some examples of the applied stresses. Due to the damage-induced anisotropy, and consequently to the elastic symmetry change, the contact measurement is added to the only (Xl, X2) data plane for each loading step. An erroneous data measurement quality has also been observed at an applied stress of 60 MPa.
The observed continuous increase of the slownesses with an increase in the applied stress emphasizes the sensitivity of the ultrasonic waves towards the growth of the various damage phenomena taking place in the material, Figure 2 . Besides, the non-similar aspect of the stress-induced change of these slowness curves reveals the anisotropic character of the damage which influences differently each stiffness coefficient according to each direction. Damage-induced changes of the thitteen stiffnesses (Cll) identified in the geometric coordinate system R from the phase velocities arc plotted in Figure 3 as a function of the applied tensile stress. The contact measurement in the plane (Xl, X3) being not feasible, the values of the confidence intervals associated with the coefficients C24 and C34 are high [1). 
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At zero stress, the relationships: C22:::::C33, Cl2:::::C13, C66:::::CSS, C24:::::-C34 and CI4:::::CS6:::::(), (2) are verified to the nearest confidence intervals. The E(30o) sample of 2D C-C-SiC composite presents an initial quasi-tetragonal symmetry in the observation coordinate system R. Moreover, since the moduli C14, C24, C34 and CS6, are close to zero (GPa), the material symmetry tends to the quasi-hexagonal model. However the modulus set do not satisfy the relationships (2) during the test: the symmetry becomes apparently monoclinic with the load.
The loss of stiffness along the tensile axis X3 is very important and occurs from the first stress levels. The instantaneous matrix microcracking oriented normally to the tensile stress appears from the loading onset and affects similarly the moduli C44 and Cl3. The brittlness of the C-SiC matrix does not induce the premature failure of the composite. The fibrous reinforcement stops and deviates the matrix microcracking. The experimental changes of the stiffnesses CII, C22, C66 and Cl2 point out the generation of others cracking modes [10] .
The isotropy level of the cloths plane can be represented by the relative deviation [11] :
where the stiffness tensor (CneX) is formed by the five independent components associated with the hexagonal model, assuming the isotropy of the plane (X2, X3). The moduli (Cn eX ) are directly calculated from the nine expeIimentally identified stiffnesses (Cu) associated with the orthorhombic symmetry [11] . At 0 MPa, the relative deviation MCu, en eX ) (=10.5%) between the thirteen stiffnesses identified before load, Figure 3 , and the stiffness tensor (C~ex) in R, representative of the hexagonal symmetry, remains lower than the limit for which two tensors can be considered equivalent [II] . This three-dimensional generalization of the anisotropy factor therefore emphasizes the initial quasi-isotropy of the cloths plane to the nearest experimental errors. The plot of the t1(Cu, Cn eX ) changes as a function of the applied stress shows that the quasi-isotropy of the plane (X2, X3) is destroyed from the first loading steps, Figure 4 . The relative deviation from the hexagonal symmetry increases rapidly up to 40 MPa due to the oriented microcracking, then decreases progressively up to the failure of the sample, most certainly because of the multiple matrix microcracking. The Young's modulus variation in the cloths plane as a function of the applied tensile stress describes also the cloths plane anisotropy induced by the predominant orientation of the matrix. microcracking, Figure 5 . Due to the quasi-isotropy of the plane (X2, X3), the geometric frame R coincides initially with an elasticity principal coordinate system. From the loading onset, the two directions X2 and X3 are no longer elasticity principal axes, and consequently, the frame R does not preserve its principal character. However, the multiplication of the microcracking can explain the significant decrease of the anisotropy with an increase in the applied stress.
Localization of the Principal Coordinate System and Associated Stiffnesses Change
Even if the media exhibit the most general anisotropy, the intrinsic material symmetry can be greater in one of its symmetry coordinate systems. For instance, when a single plane of symmetry is known, an elasticity principal coordinate system RP=( xi, x2, x~) is located with respect to R with a single Euler angle <»P, Figure 6 . The identification of the coordinate system RP is performed by searching a frame in which the form of the stiffness tensor (C u ) satisfies the form associated with the orthorhombic symmetry. The angular parallax <»P locating the coordinate system RP and the associated optimal stiffness tensor (Cn) are simultaneously determined using only the wave speed measurements [2] .
Assuming the RP existence during the tensile test, both the angle <j>P locating the frame RP with respect to R, Figure 7 , and the nine components of the stiffness tensor (Cl l ) in RP are identified. However the existence of the identified principal coordinate system under tension loading, must be validated using the stiffness tensor (Cu)C°mputed in R, calculated from the moduli (C u ) in the reconstructed frame RP using the fourth-rank tensor rotation laws [9] . The agreement between the experimentally identified elasticity constants (Cu) and the thirteen stiffnesses (Cu)C°mputed is satisfactory to the nearest confidence intervals, Figure 3 . The plot of the relative deviation ~(Cu, (<»P, qj» between these two tensors (Cu) and (Cu'f°mputed as a function of the applied stress shows the existence of an elasticity principal frame from an applied stress of 80 MPa, Figure 8 . The higher the stress level is, the more probable the elasticity principal frame is. Figure 6 . Location of a principal coordinate system RP=( xi, x~, x~) with respect to the geometric frame R by the angle (j>P which defines the rotation about the XI axis.
The identified angle (j>P decreases rapidly from 27.2° at 0 MPa to a value close to 10°, as the applied loading increases, Figure 7 . Before loading, the only principal frame coinciding with the fiber axes is taken into account [12] . This moving frame coincides neither with the geometric frame R, i.e., the stress principal frame, nor with the frame associated with the fibrous reinforcement. From an applied stress of 80 MPa, the variations of the thirteen moduli (Cu) in the fixed frame R, Figure 3 , are equivalent to the ones of the nine elasticity constants (C&) in the moving frame RP, Figure 7 . The rotation of the elasticity principal coordinate system is induced by the matrix microcracking which is oriented normally to the loading direction X3, and which is consequently not superimposed on the fibrous reinforcement. This points out that the loading direction and the fiber directions both govern the direction of the crack growth.
Load-Induced Symmetry in Elastic Symmetl)'
If the frame RP exists, the material symmetry can be higher than the orthorhombic symmetry. For each considered symmetry, a stiffness tensor (Cijodel) whose components satisfy the relationships relative to these symmetries is built from the moduli (C&). The deviation t1(CU, «(j>P, Cijodel» then quantifies the deviation from the assumed symmetry [2] . For each loading step, the deviations f1(Cu, (<I>P, C u odel » are shown in Figure 9 with the one calculated at the time of the search for the frame RP. Due to the characterization assumption, note that the deviation from the monoclinic model is obviously nil. Considering the limit from which two tensors are no longer equivalent, it appears clearly that the more probable initial hexagonal symmetry becomes monoclinic for the two first stress levels, then orthorhombic up to 120 MPa and finally hexagonal.
CONCLUSION
When the composite is submitted to an off-axis loading, microcracking modes grow in predominant orientations that do not coincide with the fiber axes, and induce therefore a fully anisotropic elastic degradation. The initially tetragonal symmetry of the composite, which tended to the quasi-hexagonal model, becomes apparently monoclinic with the load. Then, due to the progressive growth of various damage modes, the anisotropy of the cloths plane decreases as the applied load increases. This can explain the existence of an elasticity principal coordinate system RP for the highest applied stress.
